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This paper considers a modeling and analysis approach for the investigation of the linear and nonlinear
steady-state dynamics of a base excited 3D tensegrity module carrying a top mass. The tensegrity module
contains three compressive members, which may buckle and six cables (tendons). First, a dynamic model
of the system is derived using Lagrange’s equation with constraints. The buckling modeling of the com-
pressive members is based on the assumed-mode method with a single mode discretization. The tendons
are modeled as piecewise linear springs, which can only take tensile forces. This research focusses on the
dynamic stability of the tensegrity structure by deﬁning the geometrical and material properties in such a
way that the system is just below the static stability boundary. Static and linear dynamic analysis is per-
formed. In the nonlinear steady-state analysis, frequency-amplitude plots, power spectral density plots,
bifurcation point continuation diagrams, and Poincaré maps are presented. A tensegrity structure is
designed and manufactured and an experimental set-up is realized in order to validate the model by
comparing experimentally and numerically obtained responses. In the validation stage, the numerical
results are based on an ampliﬁer-shaker-tensegrity structure model. It can be concluded that the numer-
ical results match partly quantitatively and partly qualitatively with the experimentally obtained
responses.
 2012 Elsevier Ltd. All rights reserved.1. Introduction
Tensegrity structures originate from sculptures designed by
Snelson (1973). This class of structures consists of a set of pin-
jointed bodies (compressive members) and cables (tensile mem-
bers), also called tendons, which ensure structural integrity by
deﬁning a stable volume in space. Inspired by these sculptures,
Buckminster Fuller ﬁrst patented these types of structures by com-
bining the words tension and integrity to tensegrity in 1962 (Fuller,
1962). A historical survey of tensegrity structures is provided by
Motro (1992).
Due to a favorable high stiffness/mass ratio, tensegrity struc-
tures have been introduced as potential alternatives in civil, aero-
space, and mechanical engineering. Suspension bridges are
classical examples of tensegrity based structures because the ten-
sile components are often cables. More recently, designs similar to
the sculptures of Kenneth Snelson are found in bridge designs. The
Kurilpa bridge in Brisbane, Australia, is a perfect example. In addi-
tion, new applications in civil engineering are tensegrity grid struc-
tures used in roof designs, see Adriaenssens and Barnes (2001) and
Quirant et al. (2003). Hypar tensegrity roofs can, for example, be
found in sports stadiums in Florida, Georgia, and Seoul. Tensegrityll rights reserved.
.structures are also used in fast robotic applications because of their
lowmass, see e.g. Aldrich (2004) and Masic and Skelton (2004). But
the advantage of tensegrity structures goes beyond mass efﬁ-
ciency. The usage of tendons provides the possibility to fold a
tensegrity structure in a small volume of space for transportation
purposes. This key feature is of particular interest in aerospace
applications (Furuya, 1992). A review of self-deploying tensegrity
structures is presented in Duffy et al. (2000). Moving tensegrity
mechanisms can be found in several applications, such as a ﬂight
simulator (Sultan and Corless, 2000), a space telescope (Sultan
et al., 1999), and a smart sensor (Sultan and Skelton, 2004). Con-
trolled tensegrity systems provide the possibility to make build-
ings responsive to earthquakes, severe winds, and thermal loads.
The control of a tensegrity structure with three compressive mem-
bers and nine tendons is studied in Kanchanasaratool and William-
son (2002).
Despite these advantages, tensegrity structures, just like other
structures, may become unstable due to additional dynamic loads.
In the worst case, this may result in failure of the system. The inﬂu-
ence of dynamic loads on tensegrity structures can be investigated
by developing sufﬁciently accurate mathematical models and anal-
ysis strategies. In general, in order to apply tensegrity structures in
structural designs, it is vital to be able to predict, understand, and
eventually optimize the static and dynamic stability of such sys-
tems. Design criteria in structural design often involve a low mass,
Fig. 1. The deﬁnition of the geometry, beams, struts, tendons, and nodes of the tensegrity structure (upper ﬁgure) and the reference frames (lower ﬁgure). In both ﬁgures, the
top mass is not depicted.
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these design criteria are mainly inﬂuenced by two important design
parameters, namely the thickness of the compressive members and
the amount of pretension in the tendons. When resonances occur,
the compressivemembers of the tensegrity structuremaydynamically
buckle, although the system is statically stable. Static and dynamic
buckling canbe avoidedby adopting a relatively high bending stiffness
of thecompressivemembersbut thismayalso leadtoan increaseof the
mass of the tensegrity structure. A high pretension in the tendons, in
general, leads to high stiffness and avoidance of slackening of the ten-
dons when resonances occur. But it also leads to lower residual
strengthanddecreasedstatic anddynamic stabilityof the structurebe-
cause the allowed additional load of the compressive members de-
creases. This all leads to trade-offs in design choices. One can
conclude that, constructing a tensegrity structure just below the static
stability boundary, in order to avoid superﬂuous use of material, only
makes sense if there is enough safety margin to avoid dynamic buck-
ling of compressive members and slackening of tendons, which may
be caused by additional dynamic loads. Nonlinear dynamic analysis
of tensegrity structures can be used to predict dynamic buckling due
tononlinear resonances.Additionally, in theeventofdynamicbuckling
of one ormore compressivemembers, it can be used to evaluate if the
structure does or does not globally collapse.
The Lagrangian approach has been frequently used for dynamic
modelingof tensegrity structures. A lineardynamicalmodel of a tenseg-
rity structurewith three compressivemembers and six tendons is stud-
ied to investigate the energy dissipation efﬁciency by solving initial
value problems in Oppenheim and Williams (2001). The dynamics of
a tensegrity structurewith three compressivemembers and a six-mod-
ule tensegrity structure are examined using the eigenmodes of the line-
arizeddynamicalmodel inMurakami (2001a). Inaddition, thenonlinear
equilibrium equations are used to estimate the critical loads for static
compressivemember buckling and slackening of tendons inMurakami
(2001b). The static stability due to external loads/moments of a tenseg-
rity structurewith three compressivemembers and six tendons is stud-
ied inLazopoulos (2005)byevaluatingtheglobal instabilityof themodel
and local Euler buckling of the compressive members. Skelton (2006)
suggested to describe the dynamics in amatrix differential equation in-
stead of a vector differential equation. When using this method, theforces are characterized by network theory and the kinematics are ex-
pressed in terms of the compressive member vectors. This approach
can only be applied to Class 1 tensegrity structures, i.e. the compressive
members are not allowed to be in contact with each other.
Thispaperdealswith thestatic anddynamic stabilityof a tensegrity
structurewith three compressivemembers and six tendons carrying a
top mass (and a top mass supporting structure). The compressive
members of the tensegrity module are allowed to buckle statically
and dynamically in a predeﬁned direction. A dynamical model of the
tensegrity structure is derived using Lagrange’s equation of motion
with constraints. The resulting equations of motion are used to study
the static and (nonlinear) dynamic responses by loading the system
with a top mass and, in the dynamic case, by additional periodic base
excitation. In the secondpart of this paper, themodel,which is ﬁrst ex-
tended by an ampliﬁer-shaker model, is validated by comparing
numerically and experimentally obtained responses. From this analy-
sis, it can be concluded that the modeling approach results in a model
that matches partly quantitatively and partly qualitatively with the
dynamical behavior of the experimental set-up. Consequently, the
model canbeusedasa startingpoint toexamine theoriginofnonlinear
dynamic response phenomena of tensegrity structures in general.
This paper is organized as follows. The geometric description of the
tensegrity structure is discussed in Section 2. Bucklingmodeling of the
compressive members of the tensegrity module is presented in Sec-
tion 3. The equations of motion of the tensegrity structure are derived
in Section 4. The geometrical and material properties are deﬁned in
Section 5. In Section 6, static response results are presented and ana-
lyzed to determine a suitable topmass.Modal analysis results and Fre-
quency Response Functions (FRFs) are presented in Section 7 and in
Section 8, respectively. This is followed by a detailed numerical study
of nonlinear dynamic steady-state responses, initialized by periodic
baseexcitation, inSection9.Theresults fromSections6–9 lay the foun-
dations for the design of an experimental set-up. In Section 10, the
experimental set-up is introduced and the corresponding ampliﬁer-
shaker-tensegritymodel isdeﬁned. InSection11,parameter identiﬁca-
tion is carried out. Themodel of the tensegrity structure is validated by
comparing experimentally and numerically obtained linear and non-
linear dynamic responses in Section 12. Finally, the conclusions of
this paper are presented in Section 13.
Fig. 2. Geometrical description of perfect beam A1B1 (upper ﬁgure) and the bucked
beam A1B1 (lower ﬁgure).
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Fig. 1 shows the geometry and the reference frames of the
tensegrity structure under consideration. Here, compressive mem-
bers are indicated by black lines and tendons by gray lines. A Carte-
sian reference frame ~e0 ¼ ½~e0x ~e0y ~e0z T is connected to the absolute
origin OA with position vector~rOA ¼ ½0 0 0~e0. The position vector
of the relative origin OR, which is connected to the centre of the
vertically moving base of the structure containing nodes Ai for
i = 1,2,3, is given by ~rOR ¼~rOR ~rOA ¼ ½0 0 uðtÞ~e0, where u(t) is
the (periodic) vertical motion of the base.
Three compressivemembers are located between nodes Ai and Bi
for i = 1,2,3. These compressivememberswill be called beams in the
remainder of the paper because they are allowed to buckle. The uni-
form, homogeneous, pinned–pinned beams AiBi with rectangular
cross section have length L1, height H, width W, Young’s modulus
E, and mass density q1. The buckling direction of beams AiBi is
predeﬁned in the ~e1zi direction. Three other compressive members
are located between nodes Bi and Ci for i = 1,2,3. These rigid com-
pressive members are called struts. The uniform, homogeneous
struts BiCi are cylindrically shapedwith length L2, radius R, andmass
densityq2. A topmass (not visible in Fig. 1),modeledby a pointmass
m3, is located at the centre of an imaginary circle through points C1,
C2, and C3. It is assumed that the top mass m3 can only translate in
vertical direction due to the design of the experimental set-up.
Due to gravity g, the system is statically loaded in vertical direction
by the weights of beams AiBi, struts BiCi, and by the weight of top
massm3. As a result of themodel assumptions, the systemhas a form
of symmetry, because revolving the structure over 120 around the
~e0z -axis results in an identical structure. Consequently, only one third
of the structure needs to be modeled.
The absolute position vector of node Ai depends on radius a1
and the position of the base u(t)
~rAi ¼ a1 cosa0i a1 sina0i uðtÞ½ T~e0 ð1Þ
where a0i ¼ 2p3 ði 1Þ for i = 1,2,3 deﬁnes the angle of node Ai in the
horizontal plane. For each beam AiBi, two rotations ai(t) = a0i + a(t)
(deﬁned in the horizontal plane through nodes Ai) and b(t) (deﬁned
in the plane through nodes Ai and Bi perpendicular to the horizontal
plane), are used to express the reference frame ~e1i ¼ ½~e1xi ~e1yi ~e1zi 
T
of beam AiBi in terms of the reference frame ~e0
~e1i ¼
cosb 0 sin b
0 1 0
 sinb 0 cos b
264
375 cosai sinai 0 sinai cosai 0
0 0 1
264
375~e0 ¼: A1ðbÞA0ðaiÞ~e0
ð2Þ
The position vector of node Bi is deﬁned by
~rBi ¼~rAi þ LðtÞ 0 0½ ~e1i ð3Þ
where L(t) is the distance between nodes Ai and Bi. This distance
changes if buckling of beams AiBi occurs. Note that Eqs. (1) and
(3) deﬁne the position vectors of all nodes Ai and Bi, which can be
conveniently used to compute the tendon lengths. Expressions of
the cross tendon length lc(t), e.g. of the tendon located between
nodes A2 and B1, and the horizontal tendon length lh(t), e.g. of the
tendon located between nodes B2 and B1, are then found to be
lc ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
L2ðtÞ þ 2
ﬃﬃﬃ
3
p
a1LðtÞ sinða02  aÞ cosbþ 3a21
q
ð4Þ
lh ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
3L2ðtÞ cos2 bþ 6a1LðtÞ cosa cosbþ 3a21
q
ð5Þ
For the model, due to symmetry, it is sufﬁcient to consider the posi-
tion of strut B1C1 solely. Therefore, two other rotations,
h1(t) = h01 + h(t) (deﬁned in the horizontal plane through nodes Bi)
and u(t) (deﬁned in the plane through nodes B1 and C1 perpendic-ular to the horizontal plane) are deﬁned to express the body-ﬁxed
reference frame ~e21 ¼ ½~e2x1 ~e2y1 ~e2z1 
T of strut B1C1 in terms of the
reference frame ~e0
~e21 ¼ A1ðuÞA0ðh1Þ~e0 ð6Þ
Here, again the direction cosine matrices of Eq. (2) are used, but
now based on h1 and u. The position vectors of the center of mass
of strut B1C1, the top mass, and node C1 are respectively deﬁned by
~rcm2 ¼ ½x2ðtÞ y2ðtÞ uðtÞ þ z2ðtÞ~e0 ð7Þ
~rcm3 ¼ ½0 0 uðtÞ þ z3ðtÞ~e0 ð8Þ
~rC1 ¼ ½a3 cos h1 a3 sin h1 uðtÞ þ z3ðtÞ~e0 ð9Þ3. Buckling modeling
Fig. 2 shows the perfect and buckled geometry of beam A1B1 and
the Cartesian reference frame~e11. The origin of this reference frame
coincides with node A1.
The axial displacement ﬁeld la(t,x1) of beam A1B1 is deﬁned in
the ~e1x1 -direction and the transversal displacement ﬁeld ha(t,x1) in
the ~e1z1 -direction. Coordinate x1 is the beam centerline coordinate.
The displacement ﬁeld in ~e1y1 -direction is neglected due to
HW. It is assumed that the centerline of beam A1B1 initially
has a geometrical shape imperfection ha0(x1). Note that due to
the assumption of symmetry, it is also assumed that all imperfec-
tions in beams AiBi are identical. The centerline of beam A1B1 is de-
scribed by the curve Xðt; x1Þ~e1x1 þ Zðt; x1Þ~e1z1 , where
Xðt; x1Þ ¼ x1 þ laðt; x1Þ ð10aÞ
Zðt; x1Þ ¼ ha0ðx1Þ þ haðt; x1Þ ð10bÞ
The transversal displacement ﬁeld is discretized based on the
Assumed-Mode Method (Tongue, 1996) by using separation of vari-
ables using a time varying amplitude h(t) and a shape function /(x1)
haðt; x1Þ ¼ hðtÞ/ðx1Þ ð11Þ
The initial geometrical shape imperfection of beam A1B1 is discret-
ized in an analogous way
ha0ðx1Þ ¼ h0/ðx1Þ ð12Þ
It is assumed that beams AiBi are pinned–pinned at nodes Ai and Bi.
Consequently, the transversal displacement and the reaction mo-
ments at the beam’s ends are zero, i.e. ha(t,0) = ha(t,L1) = 0 and
o2haðt;0Þ=ox21 ¼ o2haðt; L1Þ=ox21 ¼ 0. Now, the following shape func-
tion is admissible because it obeys the latter kinematic and dynamic
boundary conditions and it can be differentiated inﬁnitely many
times
/ðx1Þ ¼ sin px1L1
 
ð13Þ
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ment ﬁeld la(t,x1) is kinematically related to the transversal dis-
placement ﬁeld ha(t,x1) by the inextensibility constraint
ola
ox1
ðt; x1Þ ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
1 2 oha0
ox1
oha
ox1
 oha
ox1
 2s
 1 ð14Þ
see e.g. Koiter (1945) and Fey et al. (2011). The axial displacement
ﬁeld is obtained by integrating Eq. (14)
laðt; x1Þ ¼
Z x1
0
olaðt; x01Þ
ox01
dx01 ð15Þ
The expressions of the axial and transversal displacement ﬁeld, to-
gether with the angles a and b, fully deﬁne the position vector of a
point of beam A1B1 in terms of the reference frame ~e0
~r1ðx1; y1; z1; tÞ ¼~rA1 þ
x1 þ laðt; x1Þ
y1
z1 þ ha0ðx1Þ þ haðt; x1Þ
264
375
T
A1ðbÞA0ða1Þ~e0
ð16Þ
The latter expression is valid for 0 6 x1 6 L1, W/2 6 y1 6W/2, and
H/2 6 z1 6 H/2. The distance between nodes Ai and Bi, used in Eq.
(3), is equal to
LðtÞ ¼ L1 þ laðt; L1Þ ð17Þ
The material type of beams AiBi is assumed to be linearly elastic. The
exact curvature j(t,x1) of beam A1B1 follows from Koiter (1945)
jðt; x1Þ ¼
ðoX=ox1Þ o2Z=ox21
  o2X=ox21 ðoZ=ox1Þ
ðoX=ox1Þ2 þ ðoZ=ox1Þ2
 3
2
ð18Þ
It is important to note that 5th-order Taylor series expansions are
used to approximate Eqs. (14) and (18) because these expressions
can not be integrated symbolically as will be necessary later on to
derive the energy functions of the system. Note further that, in ab-
sence of geometrical imperfections and transversal loading, i.e.
when there is no gravity, static buckling of beams AiBi occurs if
the critical axial Euler buckling load Pc is exceeded, where
Pc ¼ p
2EI
L21
with I ¼ 1
12
WH3: ð19Þ4. Equations of motion
Due to the complexity induced by the 3D geometry and by
buckling modeling, the equations of motion are ﬁrst conveniently
derived for a set of nine dependent DOFs in Section 4.1. Due to
symmetry, only one third of the structure will be taken into ac-
count in the energy expressions. In Section 4.2, the equations of
motion are reduced to a formulation of the dynamics in terms of
a set of three independent DOFs.
4.1. Constrained equations of motion
The equations of motion are derived by applying Lagrange’s
equation of motion with constraints
d
dt ðT ; _qÞ  T ;q þ V ;q ¼ R; _q þ ðWkÞT
WT _q ¼ 0
(
ð20Þ
where q is a column containing the nine dependent DOFs, which de-
scribe the deformed geometry of the (symmetric) tensegrity struc-
ture, i.e.
q ¼ a b h x2 y2 z2 h u z3½ T ð21ÞIn Eq. (20), V is the total potential energy function, T is the total ki-
netic energy function,R is a Rayleigh dissipation function, and k is a
column with Lagrange’s multipliers, which are related to the forces
and torques working on the system to ensure the satisfaction of the
kinematic constraint equations, on velocity level represented by
WT _q ¼ 0.
4.1.1. Energy functions
The total potential energy function V is the sum of the axial
strain energy of one cross tendon V;c , one horizontal tendon V;h,
the gravitational energy Vg , and the bending strain energy Vb of
beam A1B1
V ¼ V;c þ V;h þ Vg þ Vb ð22Þ
The tendons are modeled as piecewise linear springs, which can
only take tensile forces. Therefore, the axial strain energy function
V;i of tendon i (i=c,h) becomes
V;i ¼
0 if liðtÞ  l0i < 0
1
2 kiðli  l0iÞ2 if liðtÞ  l0i > 0
(
ð23Þ
where li(t) is the time-dependent tendon length, see Eqs. (4) and (5),
l0i is the stress-free tendon length, and ki is the tendon stiffness. The
total gravitational energy function Vg is based on the mass of beam
A1B1, strut B1C1, and one third of the top mass
Vg ¼ q1g
ZZZ
V
~r1ðx1; y1; z1; tÞ ~e0z dx1 dy1 dz1 þm2gðuðtÞ þ z2Þ
þ 1
3
m3gðuðtÞ þ z3Þ ð24Þ
where V ¼ ½ðx1; y1; z1Þ 2 R3j0 6 x1 6 L1;W=2 6 y1 6W=2;H=2 6
z1 6 H=2 speciﬁes the volume of beam A1B1, m2 = pq2L2R2 is the
mass of strut B1C1, and g is the gravitation acceleration constant.
Note that the mass of beam A1B1 is equal to m1 = q1L1H W. The
strain energy due to bending of beam A1B1 follows from
Vb ¼ E1I12
Z L1
0
ðj j0Þ2 dx1 ¼ PcL
2
1
2p2
Z L1
0
ðj j0Þ2 dx1 ð25Þ
where j0 describes the curvature of beam A1B1 in the strain-free sit-
uation due to the geometrical imperfection ha0(x1). As mentioned
before, the latter integral is solved by taking 5th-order Taylor series
approximations of the beam curvature j, see also Eq. (18).
The total kinetic energy function T is the sum of the kinetic en-
ergy T m1 of beam A1B1, the kinetic energy T m2 of strut B1C1, and the
kinetic energy T m3 of one third of the top mass
T ¼ T m1 þ T m2 þ T m3 ð26Þ
The kinetic energy function of beam A1B1 includes the translational
and rotational energy of the beam and is computed by solving
T m1 ¼
1
2
q1
ZZZ
V
_~r1  _~r1 dx1 dy1 dz1 ð27Þ
where V is as speciﬁed above. The kinetic energy function of strut
B1C1 equals
T m2 ¼ 12m2ð _~rcm2  _~rcm2 Þ þ 12~x  ~e2
T
1 Jcm2~e
2
1
 
 ~x ð28Þ
where ~x is the angular velocity vector, which is expressed in terms
of the body ﬁxed reference frame ~e21 by using the direction-cosine
matrices of Eq. (6)
~x ¼ 0 _u 0½ ~e21 þ 0 0 _h1
	 

A1
T ðuÞ~e21 ð29Þ
and~e2
T
1 Jcm2~e
2
1 is the inertia tensor of strut B1C1. For the cylindrically
shaped strut B1C1, the diagonal elements of the diagonal inertia ma-
trix Jcm2 are equal to Jx2x2 ¼ 12m2R2 and Jy2y2 ¼ Jz2z2 ¼ 12m2ð3R
2 þ L22Þ.
Substituting the ﬁrst time derivative of Eq. (7) and the angular
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function of strut B1C1
T m2 ¼ 12m2 _x22 þ _y22 þ _z22 þ _uðtÞ2 þ 2 _uðtÞ _z2
 
þ 12ð Jx2x2 sin
2uþ Jz2z2 cos2 hÞ _h2 þ 12 Jy2y2 _u2 ð30Þ
The kinetic energy of one third of the top mass, which is assumed to
be only translating in vertical direction, is equal to
T m3 ¼ 16m3 _z23 þ _uðtÞ2 þ 2 _uðtÞ _z3
 
ð31Þ
The generalized damping forces, based on a linear viscous damping
model, are taken into account by the Rayleigh dissipation function
R ¼ 12ðc11 _a2 þ c22 _b2 þ c33 _h2Þ þ c12 _a _bþ c13 _a _hþ c23 _b _h ð32Þ
Note that only time derivatives of DOFs a, b, and h play a role in Eq.
(32), because these DOFs will be chosen as the three independent
DOFs in Section 4.2.
4.1.2. Constraint equations
The kinematic constraint equations relate the dependent DOFs
x2, y2, z2, h, u, and z3 to the independent DOFs a, b, and h. The ﬁrst
three kinematic constraint equations follow by equating Eq. (7) to
the following expression for the position vector of the center of
mass of strut B1C1
~rcm2 ¼~rA1 þ L 0 0½ ~e11 þ 12 L2 0 0½ ~e21 ð33Þ
The ﬁnal three kinematic constraint equations are found by equat-
ing two expressions for the position vector~rC1 of node C1,
~rA1 þ L 0 0½ ~e11 þ L2 0 0½ ~e21 ¼ a3 cos h a3 sin h uðtÞ þ z3½ ~e0 ð34Þ
Working out Eqs. (33) and (34) results in six holonomic, scleronom-
ic kinematic constraint equations
hc ¼
x2  L cosa cos b 12 L2 cos h cosu
y2  L sina cosb 12 L2 sin h cosu
z2  L sinb 12 L2 sinu
h arctan Z1
u arccos Z2
z3  L sinb L2 sinu
2666666664
3777777775
¼ 0 ð35Þ
with Z1 = (Lsinacosb)/(a1 + Lcosacosb) and Z2 ¼ ða3ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
L2 cos2 bþ 2a1L cosa cosbþ a21
q
Þ=L2.
Substitution of Eqs. (22), (26), and (32) in Eq. (20) results in the
equations of motion and a set of constraint equations
MðqÞ€qþ Gð _q;qÞ þ C _qþHðqÞ ¼ BðqÞ€uðtÞ þ ðWkÞT
WT _q ¼ 0
(
ð36Þ
where the holonomic constraint equations of Eq. (35) are written on
velocity level by
_hc ¼WT _q ¼ 0 with WTðqÞ ¼ ohcðqÞoq ð37Þ
Table 1
Parameters values of the tensegrity structure.
Parameter Value Unit Parameter Value Unit
a1 8.75 cm L1 30.0 cm
a2 8.75 cm W 2.0 cm
a3 1.50 cm H 1.2 mm
g 9.81 m/s2 q1 7850 kg/m3
kc 1.403  105 N/m E1 2.1  1011 N/m2
D~loc 3.56  105 m Pc 66.3 N
loc 25.195 cm h0 1.0 mm
kh 2.332  105 N/m L2 10.0 cm
loh 15.155 cm R 7.5 mm
34.2. Unconstrained equations of motion
The equations of motion with constraints, i.e. Eq. (36), are re-
duced to a formulation of the dynamics in terms of independent
DOFs. In this formulation, the explicit use of the constraint equa-
tions, and thus the Lagrange’s multipliers k, is avoided. As men-
tioned before, the tensegrity structure conﬁguration is fully
deﬁned by a, b, and h, implying a set of independent DOFs
qm ¼ a b h½ T ð38ÞThe constraint equations of Eq. (35) establishes the relation be-
tween the dependent DOFs q, see Eq. (21), and the independent
DOFs qm by q = q(qm(t)). The velocity and acceleration of the depen-
dent DOFs in terms of the independent DOFs are _q ¼ TðqmðtÞÞ _qm and
€q ¼ TðqmðtÞÞ€qm þ _Tð _qmðtÞ;qmðtÞÞ _qm respectively, where T(qm(t)) =
oq(qm(t))/oqm. Now, the equations of motion with constraints, i.e.
Eq. (36), can be reduced to a formulation of the dynamics in terms
of the independent DOFs, see e.g. Skelton and de Oliveira (2009)
MðqmÞ€qm þ Gð _qm;qmÞ þ C _qm þHðqmÞ ¼ BðqmÞ€uðtÞ ð39Þ
where M ¼ TTMT;G ¼ TTM _T _qm þ TTG;C ¼ TTCT;H ¼ TTH, and B ¼
TTB.
Later on, unless stated otherwise, results are presented for the
following output variables: (1) rotation a(t), (2) the transversal dis-
placement measured halfway the central axis of beams AiBi, i.e.
hmid(t) = Z(t,L1/2), see Eqs. (10b) and (3) the height difference be-
tween the base (horizontal plane through nodes Ai) and the hori-
zontal plane through nodes Ci, denoted by hz ¼~rC1 ðtÞ ~e0z  uðtÞ.
5. Geometrical and material properties
The parameter values of the undamped tensegrity structure are
presented in Table 1. The corresponding critical axial buckling load
of the steel beams AiBi follows from Eq. (19) and is equal to
Pc = 66.3 N for h0 = 0 mm. Parameter D~loc will be introduced later.
As stated before, all results presented later on are based on 5th-or-
der Taylor series approximations of the inextensibility constraint,
Eq. (14), and the beam curvature, Eq. (18). In this way, accurate re-
sults are obtained in the displacement range of interest, while
keeping computation times acceptable.
It is assumed that the stiffness of the tendons is so high, that the
elongation of the tendons will always remain small compared to
their lengths. Therefore, initially, the stress-free tendon lengths
are computed by using an imaginary reference conﬁguration q0m,
in which buckling, beam imperfections, gravity, and elongation of
the horizontal tendons are neglected, i.e. L(t) = L1, h0 = 0, g = 0,
and the position of nodes Bi in the horizontal plane is known and
located on a circle with radius a2. In this case, the total potential
energy function only contains the strain energy of the cross ten-
dons. The cross tendon length lc is now described by one DOF,
namely a. Minimizing this energy function to zero and taking into
account the geometrical boundary conditions, i.e. beams AiBi and
cross tendons should not interfere, results in the imaginary refer-
ence conﬁguration q0m. For chosen values of a1, a2 (see Fig. 1), and
L1 this leads to
q0m ¼
11
12p
arcsin 1L1 L
2
1 
ﬃﬃﬃ
3
p
a1a2  a21 þ a22
  12
0
2664
3775 ð40Þ
For this (imaginary) reference conﬁguration, the corresponding
stress-free tendon lengths ~loc and loh are found by substitutingq2 2700 kg/m
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sition of the unloaded system (m3 = 0 and u(t) = 0), a small level of
prestress in the tendons is desired and a substantial amount of com-
pressive stress in the beams is required to be near the static stability
boundary of the system. Therefore, in the actual model, the real
stress-free cross tendon length loc is speciﬁed by shortening ~loc by
choosing D~loc ¼ 3:56 105 mloc ¼ ~loc  D~loc ð41ÞShortening ~loc can be interpreted as a way to deﬁne a pretension in
the cross tendons of F0c ¼ kcD~loc ¼ 5:0 N. Note that this pretension
will increase the pretension caused by the gravity ﬁeld, acting on
beams AiBi, struts BiCi, and top mass m3.Fig. 4. The stable static equilibrium points for varying external loads (Fex =m3g).6. Static responses
The top mass is replaced by a vertical force, equal to Fex =m3g, in
order to compute the static load path of the system. Here, Fex > 0
represents a downward force and consequently Fex < 0 represents
an upward force. In Fig. 3, Fc is the static cross tendon force, F

h is
the static horizontal tendon force, and Fb is the static compressive
force between nodes Ai and Bi. The latter force is computed by solv-
ing the equilibrium equations of node A1. Fig. 3 shows that for
Fex = 0, there is pretension in the tendons and a compressive force
in the beams, which are not perfectly straight due to gravity and a
geometrical shape imperfection.
Fig. 4 shows the corresponding branches of stable static equi-
librium points qm. Note that the stable static equilibrium points
are the solutions of V;qm ¼ 0, provided that V ;qmqm ðqmÞ > 0. Static
buckling of beams AiBi becomes more dominant when increasing
the compressive load Fex or m3. In a tensile test (Fex < 0), slacken-
ing of the horizontal tendons occurs at Fex = 54.94 N. Thus, be-
low this value, indicated by a circle ’’, structural integrity is lost.
Slackening of the horizontal tendons is further illustrated by
looking at the horizontal tendon force Fh, which becomes zero
at Fex = 54.94 N, see Fig. 3. All internal equilibrium forces have
a minimum (in an absolute sense) at Fex = 2.26 N. Here, gravity,
acting on beams AiBi and struts BiCi, and the pretension of the
cross tendons due to D~loc is canceled out to some extent by
the external tensile load. For the tensile test, the horizontal ten-
don force Fh has a maximum at Fex = 17.66 N, whereas, for the
compressive test, the cross tendon force Fc shows a maximum at
Fex = 44.16 N.Fig. 3. The internal equilibrium forces for varying external loads (Fex =m3g).7. Modal analysis
The nonlinear equations of motion of Eq. (39) are linearized
around a stable static equilibrium point qm for modal analysis
and to compute FRFs of the system. Throughout this paper, (small)
dynamical responses of the linearized equations of motion are de-
noted by Dqm.
7.1. Undamped eigenfrequencies
The system’s undamped eigenvalues k0k = ± jx0k (j2 = 1) and
corresponding eigenmodes u0k are found by solving the eigenvalue
problem
ðHl x20kMlÞu0k ¼ 0 ð42Þ
where Ml and Hl are respectively the mass and stiffness matrix of
the linearized equations of motion,x0k = 2pf0k is the kth undamped
angular eigenfrequency, and u0k ¼ ½u1k u2k u3k T is the corre-
sponding kth (real) eigenmode. The resulting undamped eigenfre-
quencies f0k are shown in Fig. 5 for a varying top mass m3. The
ﬁrst undamped eigenfrequency f01 shows a maximum at
m3 = 1.5 kg. The second undamped eigenfrequency f02 starts to in-
crease when static buckling becomes signiﬁcant and the third un-
damped eigenfrequency f03 shows a minimum at m3 = 4.8 kg.
From this point on, the top mass is ﬁxed to m3 = 3.0 kg, which
corresponds to Fex = 29.4 N in Section 6. For this choice, all tendons
are clearly under tension and still no severe static buckling occurs
in the stable static equilibrium conﬁguration.
7.2. Undamped eigenmodes
The kth undamped eigenmode u0k is normalized with respect to
the spatial position of node B1 evaluated at the stable static equi-
librium point qm corresponding to a top mass of m3 = 3.0 kg. The
kth eigenmode, denoted by du0k ¼ ½ dak dbk dhk T , is normalized
Fig. 5. The undamped eigenfrequencies for a varying top mass.
Table 2
The undamped eigenfrequencies and the corresponding normalized eigenmodes for
m3 = 3.0 kg.
f (Hz) du01 du02 du03
f01 = 10.4 da 0.1105 0.0949 0.1168
f02 = 34.5 db 0.0185 0.0115 0.0012
f03 = 104.1 dh 0.0139 0.0342 0.0094
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~rB1 ðqmðm3 ¼ 3ÞÞ is equal to Dr = 2.0 cm by~rB1 q

m
 ~rB1 qm  du0k   ¼ Dr ð43Þ
Fig. 6 shows the resulting normalized eigenmodes du0k, correspond-
ing to the undamped eigenfrequencies f0k. The values of the
undamped eigenfrequencies and normalized eigenmodes are pre-
sented in Table 2. The ﬁrst normalized eigenmode du01 is domi-
nated by a rotation around the vertical axis (large da) and
buckling of beams AiBi is most dominant in the second normalized
eigenmode du02 (largest dh). The ﬁrst and third normalized eigen-
mode show similar behavior. However, the third normalized eigen-
mode du03 is characterized by less buckling of beams AiBi and the
sign of db is positive in contrast to a negative db value for the ﬁrst
normalized eigenmode. Physically, the third eigenmode can beFig. 6. Normalized eigenmodes corresponding to the undamped eigenfrequinterpreted as the normalized eigenmode, in which deformation
of the horizontal tendons dominates the response.
The undamped angular eigenfrequencies x0k = 2pf0k are stored
in diagonal matrixX0 and the corresponding eigenmodes column-
wise in matrix U0 in order to compute the proportional damping
matrix (for m3 = 3.0 kg)
C ¼ 2UT0 UT0MlU0
 
NX0U
1
0 ð44Þ
where diagonal matrix N contains the rather arbitrarily chosen
dimensionless modal damping parameters n1 = 0.02, n2 = 0.0175,
and n3 = 0.0225. Consequently, the modes are clearly undercritically
damped.8. Frequency response functions
The FRFs H(f) of the tensegrity structure follow from the state
space formulation of the linearized equations of motion
Hðf Þ ¼ CtðAt  j2pf IÞ1Bt ð45aÞ
where I is the identity matrix, f is the excitation frequency, At is the
system matrix, Bt is the input column, and Ct is the output matrix,
i.e.
At ¼
0 I
M1l Hl M1l C
 
; Bt ¼
0
M1l Bl
 
;
Ct ¼ ooqm
a hmid hz½ T

qm¼qm
ð45bÞ
Again, the matrices of the linearized equations of motion are de-
noted by the subscript l.
Fig. 7 shows three FRFs of the tensegrity structure. The vertical
dashed lines indicate the eigenfrequencies f0k. A clear anti-reso-
nance in jHDhzD€uj is located between f02 and f03. Note that the mod-
ulus of HDhzD€u is only weakly inﬂuenced by the second eigenmode,
in which buckling of beams AiBi is dominant.9. Nonlinear steady-state analysis
In this section, the nonlinear steady-state responses of the
tensegrity structure are considered for a prescribed harmonic base
acceleration
€uðtÞ ¼ Ua sinð2pftÞ ð46Þ
where Ua is the acceleration amplitude, f is the excitation frequency,
and t is the time.encies for m3 = 3.0 kg. Dashed lines refer to the equilibrium situation.
Fig. 7. Bode plot of the FRFs for m3 = 3.0 kg.
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Frequency-amplitude plots are computed by continuation of
periodic solutions obtained by solving two point boundary value
problems using the software package AUTO97 (Doedel et al.,
1998). The local stability of the periodic solutions is obtained and
co-dimension one bifurcations are detected using Floquet theory,
see e.g. Thomsen (2003). The amplitudes shown in the fre-
quency-amplitude plots of Fig. 8 are the peak-to-peak values (indi-
cated by a tilde) of the steady-state solution in terms of a(t), hmid(t),
and hz(t). In addition, stable periodic solutions are depicted with
solid lines, unstable periodic solutions with dashed lines, and the
locations of the undamped eigenfrequencies are indicated by
squares ’h’. Period Doubling (PD) bifurcations will be indicated
by diamonds ’}’, Cyclic Fold (CF) bifurcations will be indicatedFig. 8. Frequency-amplitude plots for m3 = 3.0 kg and two acceleration amplby circles ’’, and Secondary Hopf (SH) bifurcations, also called Nei-
mark-Sacker bifurcations, will be indicated by triangles ’M’.
Fig. 8 shows the frequency-amplitude plot in the frequency
interval 2.5 6 f 6 117.5 Hz for two acceleration amplitudes,
namely Ua = 1.0 m/s2 (black lines) and Ua = 6.0 m/s2 (gray lines).
Note that for Ua = 1.0 m/s2, the shapes of the frequency-amplitude
curves resemble the shapes of the FRFs in Fig. 7 to a large extent.
Apparently, nonlinear effects play a minor role for Ua = 1.0 m/s2.
This especially holds for higher excitation frequencies, where re-
sponse amplitudes are small. However, for Ua = 1.0 m/s2, two PD
bifurcations are encountered at the ﬁrst harmonic resonance near
f01 = 10.4 Hz, see enlargement A. The unstable harmonic solution
branch between these PD bifurcations, located at f = 9.82 Hz and
f = 10.60 Hz, shows weak softening effects, characterized by two
CF bifurcations. Later on, the type of steady-state responses insideitudes, namely Ua = 1.0 m/s2 (black lines) and Ua = 6.0 m/s2 (gray lines).
Fig. 9. PSD plots of the periodic solutions at f = 4.0 Hz (left plots) and f = 3.3 Hz
(right plots) for Ua = 6.0 m/s2.
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examined by constructing several Poincaré maps of steady-state
solutions. Now, ﬁrst, the remaining nonlinear features of the fre-
quency-amplitude plots for Ua = 1.0 m/s2 are discussed. A small
second superharmonic resonance peak, corresponding to the ﬁrst
harmonic resonance, is observed near f 	 f01/2 = 5.2 Hz. In addition,
a small third superharmonic resonance peak is visible in the
frequency-amplitude plot of ~hmid near f 	 f02/3 = 11.5 Hz, seeFig. 10. Poincaré maps in the subspace spanned by hz and _henlargement B. In this case, the superharmonic resonance peak is
related to the second harmonic resonance.
The nonlinear dynamical behavior dramatically increases
when the acceleration amplitude is set to Ua = 6.0 m/s2. Near
the ﬁrst harmonic resonance, neither a stable nor an unstable
periodic solution branch can be computed in the frequency
interval enclosed by two PD bifurcations at f = 6.5 Hz and
f = 13.5 Hz, see enlargement A. Next to the second superharmon-
ic resonance near f01/2 = 5.2 Hz, now showing softening behavior
(indicated by two CF bifurcations), also a third superharmonic
resonance near f01/3 = 3.47 Hz and a 1/2 subharmonic resonance
near f = 2f01/3 are present in all frequency-amplitude plots but
these are only clearly visible in enlargement A. The second har-
monic resonance peak related to the second eigenfrequency at
f02 = 34.5 Hz shows softening effects, which is caused by dynamic
buckling of beams AiBi. Three stable periodic solutions coexist for
the small frequency interval 27.86 6 f 6 27.91 Hz, of which two
are visible in enlargement C. Near f = 2f02 = 70 Hz a softening
1/2 subharmonic resonance related to the second eigenfrequency
occurs, initiated by two PD bifurcations. Based on observations
in Fey et al. (2011), this resonance is very probably due to para-
metric excitation. The third harmonic resonance peak near
f03 = 104.1 Hz also exhibits softening behavior. In this case, soft-
ening is caused by slackening of the horizontal tendons. Finally,
two SH bifurcations, located at f = 79.92 Hz and f = 97.47 Hz, are
encountered on the branch related to the third harmonic reso-
nance. Again, the steady-state solutions in the frequency interval
enclosed by these SH bifurcations will be investigated later by
means of Poincaré maps.
9.2. PSD plots
Now, the Power Spectral Density (PSD) plots of two nearby peri-
odic solutions are used to study the origin of one superharmonic
resonance peak in a more profound manner. The frequency F/f on
the horizontal axis of the PSD plot has been normalized by the
excitation frequency f. Undamped eigenfrequency f01 is indicated
by dark-grey dashed vertical lines.
For Ua = 6.0 m/s2, the PSD plots of the periodic solutions
at f = 4.0 Hz and f = 3.3 Hz are presented in Fig. 9. When compar-
ing the PSD plots of the periodic solutions at f = 4.0 Hz with
the PSD plots of the superharmonic resonance at f = 3.3 Hz, forz for different excitation frequencies f and Ua = 1.0 m/s2.
Fig. 12. Two parameter continuation diagram near the ﬁrst harmonic resonance
(f01 = 10.4 Hz).
Fig. 13. Two parameter continuation diagram near the second harmonic resonance
(f02 = 34.5 Hz).
Fig. 11. Poincaré maps in the subspace spanned by hz and _hz for different excitation frequencies f and Ua = 6.0 m/s2.
Fig. 14. Two parameter continuation diagram near the third harmonic resonance
(f03 = 104.1 Hz).
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served at F/f = 3 for all responses. Indeed, F = 3f 	 10 Hz approx-
imately coincides with the ﬁrst undamped eigenfrequency f01.
Consequently, this is a third superharmonic resonance peak,
related to the ﬁrst eigenfrequency. Using this approach, the ori-
gin of the remaining superharmonic resonance peaks is also
validated.9.3. Poincaré maps
Initial value problems are solved in order to examine possible
a-periodic steady-state responses in the frequency interval en-
closed by the PD bifurcations at f = 9.82 Hz and f = 10.60 Hz
respectively for Ua = 1.0 m/s2. This is also carried out for the fre-
quency interval enclosed by the SH bifurcations at f = 79.92 Hz
and f = 97.47 Hz respectively for Ua = 6.0 m/s2. For both cases,
starting at the stable side of the right bifurcation point, the exci-
tation frequency is stepwise decreased with a frequency step of
Df = 0.05 Hz. The effect of transient responses is minimized by
disregarding the solution for the ﬁrst 15 s after each time the
excitation frequency is changed. The resulting steady-state re-
sponses are used to construct Poincaré maps, by taking snap-
shots of the solution at t = T,2T, . . . ,NpT, where T = 1/f, and
plotting the result in a two-dimensional subspace spanned by
hz and _hz. Each Poincaré map contains Np = 2000 points.
Fig. 10 shows several Poincaré maps in the frequency interval
9.81 6 f 6 10.63 Hz and for an acceleration amplitude of
Ua = 1.0 m/s2. The harmonic solution at f = 10.63 Hz experiences a
transition to a 1/2,1/4, and 1/8 subharmonic response if the
excitation frequency is incrementally decreased. This behavior
suggests an inﬁnite cascade of PD bifurcations, also known as the
Feigenbaum route to chaos (Feigenbaum, 1983), which results in
a solution with chaotic behavior at f = 10.54 Hz. Solutions with a
Fig. 15. The experimental set-up (upper picture) and an enlargement of the shaker, tensegrity structure, and top mass (lower picture).
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PD bifurcation at f = 9.82 Hz. Note that in Mallon et al. (2008,
2010), where the dynamic stability of a cylindrical shell carrying
a top mass is investigated, similar phenomena are encountered.
Also there, the ﬁrst harmonic resonance peak becomes unstable
for an increasing amplitude of the harmonic base excitation and
a-periodic responses are found.
For Ua = 6.0 m/s2, Fig. 11 shows several Poincaré maps at fre-
quencies within the frequency interval enclosed by the SH bifurca-
tions at f = 79.92 Hz and f = 97.47 Hz. Harmonic responses are
found just outside this frequency interval. The Poincaré maps at
f = 95.17 Hz and f = 80.77 Hz show low order subharmonic re-
sponses, characterized by a discrete number of Poincaré points.
Quasi-periodic solutions (closed curves) are visible in the remain-
ing Poincaré maps.
9.4. Two-parameter continuation diagrams
The change of the loci of bifurcations of the periodic solutions
can be studied by performing parameter continuation in a two
parameter space, see Doedel (2007). In this way, upper bounds
on the acceleration amplitude can be found so that nonlinear re-
sponse phenomena due to CF and PD bifurcations (sudden jumps
in response amplitudes, 1/2 subharmonic resonances, and a-peri-
odic behavior) can be avoided.
For base excitation amplitudes Ua 6 6.0 m/s2, the two-parame-
ter continuation diagram is divided in four frequency regions, i.e.
in the vicinity of the three eigenfrequencies f0k. The results are de-
picted in Figs. 12–14. In these ﬁgures, the loci of CF bifurcations are
depicted with black curves and the loci of PD bifurcations with
gray curves. The left plot of Fig. 12 shows that the second superhar-
monic resonance peak near f 	 f01/2 starts to exhibit softening ef-
fects if UaP 4.22 m/s2. The 1/2 subharmonic resonance peak
near f 	 2f01/3 emanates if UaP 4.14 m/s2. The two PD bifurcations
near the ﬁrst harmonic resonance become visible if UaP 0.56 m/s2,
see the right plot of Fig. 12. Recall that in the frequency domain en-
closed by these PD bifurcations, solutions with a chaotic nature are
most probably present if UaP 1.0 m/s2. Fig. 13 shows that the sec-
ond harmonic resonance peak contains two CF bifurcations if
4.88 6 Ua 6 5.38 m/s2, three CF bifurcations if Ua > 5.66 m/s2, fourCF bifurcations if 5.38 < Ua 6 5.43 m/s2, and ﬁve CF bifurcations if
5.43 < Ua 6 5.66 m/s2. The 1/2 subharmonic resonance peak re-
lated to f01 is encountered if UaP 5.43 m/s2, for which values
two PD bifurcations exist. Fig. 14 shows that the third harmonic
resonance peak near f03 = 104.1 Hz starts to exhibit softening ef-
fects if UaP 1.79 m/s2. The 1/2 subharmonic (parametric) reso-
nance near f = 2f02 starts to grow for UaP 5.79 m/s2.
10. Experimental set-up
The remainder of this paper focusses on validation of the model,
derived in Sections 2–4, by comparing experimentally and numer-
ically obtained steady-state responses. The values of a1, a3, H,W, L1,
L2, loc, and loh, presented in Table 1, are adopted in the tensegrity
structure design. The experimental set-up and an enlargement of
the tensegrity structure are shown in Fig. 15.
An electrodynamic shaker (a) is ﬁxed to the upper part of table
(b), which is rigidly connected to the ﬂoor. The shaker contains a
massive exciter housing and a moving armature. It is driven by
an ampliﬁer operating in voltage-mode. A prescribed (harmonic)
ampliﬁer input voltage
V0ðtÞ ¼ vd sinð2pftÞ ð47Þ
where vd is the excitation amplitude in [V] and f is the excitation
frequency in Hz, results in an ampliﬁer output voltage V(t), which
serves as the input for the shaker. Voltage V(t) results in a current
I(t) through the coil of the shaker. This current generates a vertically
directed force working on the shaker armature, which results in
acceleration ü(t) of the armature. Input signal generation and
data-acquisition is performed using a laptop with MATLAB2008a/
Simulink in combination with two TUeDACS Microgiant devices
(Franken, 2008).
Part E of the tensegrity structure (containing nodes Ci) is ﬁxed to
connector part F, which allows rotations around the vertical axis by
two integrated ball bearings placed in parallel. Pure vertical trans-
lation of triangular block G is realized by a guide mechanism with
six air bearings (d) in the center of plate (e). It is stressed that plate
(e) with a weight of approximately 1000 kg, is isolated from vibra-
tions of the environment and vibrations of the shaker by using
three active air bearings (f).
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of beams AiBi matches with the buckling direction of the model, all
compressive and tensile members are (dominantly) loaded in the
axial direction, and the members are connected to each other by
multiple ball bearings in order to keep friction forces as low as pos-
sible. Base plate A is rigidly ﬁxed to the shaker armature. Three in-
sets, each connected with a ball bearing to base plate A, are used to
enable rotation ai(t) of beams AiBi. The combined mass of one inset
and ball bearing is denoted by mAi . The lower ends of the slender
beams AiBi (HW L1) with rectangular cross sections are at-
tached to (three) parts B. Parts B are coupled to the insets in base
plate A by pin-joints. The upper ends of beams AiBi are rigidly at-
tached to (three) parts C. Parts C are connected by pin-joints to
nodes Bi. As a result, the buckling direction of the pinned–pinned
beams AiBi is predeﬁned in the~e1zi -direction. Each node Bi has a con-
nection structure consisting of three tendon ﬁxation points to en-
sure that the virtual intersection point of the tendons is located in
nodes Bi. The connection between parts C, the connection structure
of nodes Bi, and parts D can be interpreted as a cardan joint with
two rotational DOFs. Rotation of parts D around the axes of struts
BiCi is enabled by integrating two ball bearings placed in parallel
inside parts D.
The geometrical imperfections of the three beams AiBi are
measured and equal to h0 = 1.1 mm, h0 = 0.9 mm, and
h0 = 0.85 mm respectively. Indeed, the geometrical shape imper-
fections have approximately the shape as deﬁned in Eq. (11). The
different geometrical shape imperfections result in a slightly asym-
metric tensegrity structure. This asymmetry can be removed to a
large extend by altering the amount of pretension in the three
cross tendons. To realize this, three bolts H, see Fig. 15, are located
at the bottom side of base plate A and three additional bolts are
used to secure bolts H in order to avoid that the initial pretension
level of the cross tendons changes during dynamical experiments.
The masses of some parts of the tensegrity structure are listed
in Table 3. It is assumed that the total mass of the base plate mb
is the sum of mA, the mass of plate A, and 3mAi , the masses of the
three ball bearings in the horizontal plane plus the corresponding
insets, which support parts B, so mb ¼ mA þ 3mAi . Beams AiBi are
manufactured from spring steel. Each tendon is ﬂexible and con-
tains 140 steel twisted thin wires. The remaining components
are made from aluminium. The total top mass m3 contains the
mass of part E, the mass of connector part F, the mass of triangular
block G, the mass of an angular velocity sensor, and a possible
additional mass, so that m3P 1.210 kg. Note that approximately
0.4 kg of the top mass can both rotate around and translate in
the vertical direction and that the remaining part only can trans-
late in vertical direction. The translating part of the top mass can
be increased by mounting the additional mass on top of the verti-
cally moving triangular block G.
The following quantities are measured during the experiments:
(1) the base velocity _uðtÞ (measured with laser vibrometer (m), seeTable 3
Masses of some parts the experimental tensegrity structure. The masses of parts B, C,
D, and E include ball bearing masses.
Description Value Unit
Base plate mb = 1.356 kg
Inset + (horizontal ball bearing) mAi ¼ 27þ 33 ¼ 60 g
Part B + beam AiBi+part C mAiBi ¼ 28þ 42þ 32 ¼ 102 g
Connection structure in node Bi mBi ¼ 15 g
Part D + strut BiCi mBiCi ¼ 64þ 42 ¼ 106 g
Cross tendon mlc ¼ 8 g
Horizontal tendon mlh ¼ 2 g
Part E mE = 40 gFig. 15), (2) the angular velocity _hiðtÞ (measured with a gyroscope
sensor, integrated in connector part F), (3) the transversal displace-
ment hmid(t) of beamA1B1measured halfway the length of this beam
(indirectly measuredwith a calibrated strain-gauge (n)), and (4) the
absolute velocity of the top mass, indicated by _hzþuðtÞ (measured
with laser vibrometer (o)). Note that hz(t) = hz+u(t)  u(t). The veloc-
ity signals are integrated over time to obtain the corresponding dis-
placement/rotation signals. To avoid drift during time integration,
the measured velocity signals are passed through a second order
high-pass frequency ﬁlter with a cut-off frequency of fc = 1.5 Hz.
The effect of transient responses in stepped frequency-sweep exper-
iments isminimized by neglecting the responses of the ﬁrst 75 exci-
tation periods for each excitation frequency. Finally, the position
signals are used to compute the average peak-to-peak values of a
steady-state solution, containing the responses of 150 excitation
periods, for each excitation frequency.
10.1. Ampliﬁer-Shaker-Tensegrity structure model
In the experiments, the acceleration ü(t) of the base is not pro-
portional to the prescribed input voltage V0(t) because the shaker
has its own dynamics. Consequently, the dynamics of the ampliﬁer
and shaker have to be taken into account, resulting in an ampliﬁer-
shaker-tensegrity structure model. For a detailed description of the
modeling of the ampliﬁer-shaker-structure system is referred to
Mallon (2008, 2010) and Fey et al. (2011). The equations of motion
of the shaker in combination with the structure under investiga-
tion are derived by extending the nine dependent DOFs q of Eq.
(21), with two independent DOFs describing the dynamics of the
electrodynamic shaker, namely the charge q(t), i.e. the integral
over time of the current IðtÞ ¼ _qðtÞ, and the position u(t) of the sha-
ker armature, i.e. the base. In general form, the equations of motion
of the ampliﬁer-shaker-tensegrity structure are
Lc€I þ RcI þ jc _u ¼ VðtÞ ¼ PaðV0ðtÞ þ ba _V0ðtÞÞ ð48Þ
ms€uþ cs _uþ ksu ¼ jcI þ Ften ð49Þ
where Lc is the coil inductance, Rc is the coil resistance,jc is the current-
to-force constant, Paandbaare theampliﬁer coefﬁcients,ms is the trans-
lating mass of the shaker, cs is the mechanical damping constant of the
shaker,ks is the spring stiffness of the shaker, and Ften is the vertical force
exerted on the shaker mass by the tensegrity structure.
11. Parameter identiﬁcation
The parameter values of the ampliﬁer-shaker model are identi-
ﬁed in Section 11.1 by using experiments on the bare shaker. In
Section 11.2, some of the parameter values of the tensegrity struc-
ture are identiﬁed by using measurements on the total experimen-
tal set-up.
11.1. Ampliﬁer-shaker identiﬁcation
Based on static experiments on the bare shaker, it can be con-
cluded that the shaker stiffness ks is linear for the displacement
range of interest. The remaining parameters
cs ¼ ms cs Lc jc Rc Pa ba½ T ð50aÞ
are identiﬁed by minimizing functional J, representing a sum of
squared differences between the real and imaginary parts of the
numerical FRFHD _uDV0 and themeasured FRF bHD _uDV0 of the bare shaker
JðcsÞ ¼ rðcsÞTrðcsÞ ð50bÞ
where r(cs) is the weighted residue column speciﬁed at N discrete
frequency points in the frequency interval 2.5 6 f 6 120 Hz
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w1ReðHD _uDV0 ðf1; csÞ  bHD _uDV0 ðf1ÞÞ
..
.
wNReðHD _uDV0 ðfN; csÞ  bHD _uDV0 ðfNÞÞ
w1ImðHD _uDV0ðf1; csÞ  bHD _uDV0ðf1ÞÞ
..
.
wNImðHD _uDV0ðfN ; csÞ  bHD _uDV0ðfNÞÞ
26666666666664
37777777777775
ð50cÞ
Weighting functions wn ¼ 1=jbHD _uDV0 ðfnÞj for n = 1, . . . ,N are intro-
duced to equally distribute the relative error of the residue vector
over the whole frequency range.
Responses of the bare shaker resulting from white noise excita-
tion are used to estimate the experimental FRF bHD _uDV0 , where D _u is
the velocity of the base and DV0 is the white noise ampliﬁer input
voltage. The inﬂuence of disturbance noise is reduced by averaging
over 225 records, where each record contains 214 points. The mass
of the shaker armature is increased by ﬁxing an additional mass of
1.381 kg to it. In this way, the effect of the mass of the base plate of
the tensegrity structure, mb = 1.356 kg, is taken into account in the
identiﬁcation procedure of the ampliﬁer-shaker model. The identi-
ﬁed parameter values cs are presented in Table 4.
11.2. Tensegrity structure identiﬁcation
For identiﬁcation purposes, FRFs bHl;k of the experimental set-up
are measured for k = 1, . . . ,Nm = 11 top masses. Here, subscript l re-
fers to a speciﬁc input–output relation, namely l = 1 corresponds tobHDuDV0 ; l ¼ 2 corresponds to bHDhDV0 ; l ¼ 3 corresponds to bHDhmidDV0 ,
and l = 4 corresponds to bHDhzDV0 . The relation between subscript k
and the top mass is depicted in Table 5. Each FRF corresponding
to a certain top mass is obtained by averaging over 210 records,
where each record contains 216 points.
The measured FRFs are, ﬁrst of all, used to determine the modal
parameters of the experimental set-up based on a multi-DOF mod-
al parameter ﬁt in the frequency domain with four dominant
modes, indicated by subscript i. The experimental eigenvalues
k^i;k ¼ l^i;k þ m^i;kj are used to derive the experimental dimensionless
damping coefﬁcients for the eleven top masses based on the rela-
tion n^i;k ¼ l^i;k=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
l^2i;k þ m^2i;k
q
. In the eigenmodes corresponding to
eigenvalues k1,k, k3,k, and k4,k, resonances in the tensegrity structure
are dominant (note that three eigenmodes indeed correspond toTable 4
Identiﬁed parameter values cs of the ampliﬁer-shaker model.
Parameter Value Unit
ms 1.7295 kg
ks 4.30  104 N/m
cs 162.33 kg/s
Lc 2.258  103 H
jc 9.0076 N/A
Rc 0.920 X
Pa 74.97 –
ba 1.515  103 s1
Table 5
The relation between subscript k and the top mass m3.
k m3 Unit k m3 Unit
1 1.442 kg 7 4.450 kg
2 1.933 kg 8 4.935 kg
3 2.421 kg 9 5.423 kg
4 2.994 kg 10 6.019 kg
5 3.482 kg 11 6.507 kg
6 3.962 kgthree independent DOFs). In the eigenmode corresponding to k2,k,
resonance of the shaker armature/base plate is dominant. In addi-
tion to these eigenvalues and eigenmodes, which occur in complex
conjugate pairs, one real eigenvalue and corresponding eigenmode
is strongly related to the electric part of the shaker model. In the
latter eigenmode, the current is dominant.
It appears that n3 and n4 are approximately linearly dependent
on the top mass, whereas n1 is approximately independent of the
top mass. These observations are used by introducing two linear
relations for n3 and n4, which depend on the top mass
n3ðm3Þ ¼ n30 þ n31m3 ð51Þ
n4ðm3Þ ¼ n40 þ n41m3 ð52Þ
Note that the mechanical damping parameter of the shaker, corre-
sponding to n2, already has been identiﬁed in Section 11.1.
Next, a number of unknown parameters ct of the ampliﬁer-sha-
ker-tensegrity structure model, linearized around the static equi-
librium points for the eleven top masses, is estimated using
measured FRFs. To be more speciﬁc, the parameter values of the
initial stress-free tendon length loc, the cross and horizontal tendon
stiffness kc and kh, the critical axial buckling load Pc, the effective
mass m1e = q1eWHL1 of beams AiBi, the effective mass
m2e = q2epR2L2 of struts BiCi, and the dimensionless damping
parameter related to ni with i = 1,3,4 are estimated. Note that iden-
tiﬁcation of effective masses m1e and m2e in fact means that effec-
tive mass densities q1e and q2e are identiﬁed. In this way,
additional masses in the experimental set-up, which are absent
in the model, are taken into account. The unknown parameters
are collected in
ct ¼ ½loc kc kh Pc m1e m2e n1 n30 n31 n40 n41T ð53Þ
The identiﬁcation method is divided into two steps due to the com-
plex linearized dynamics of the ampliﬁer-shaker-tensegrity struc-
ture model. In the ﬁrst step, the squared difference between the
numerical and experimental eigenvalues, ki,k(ct) = li,k + mi,k j and
k^i;k ¼ l^i;k þ m^i;kj respectively, is minimized in order to determine a
suitable initial guess c0t of the unknown parameter values. In the
second step, the initial guess c0t is used to identify the ﬁnal param-
eter values ct of the tensegrity structure. This step is based on a
similar optimization method as presented in SubSection 11.1. In
this case, the optimization method includes all measured FRFs for
all top masses, i.e. l = 1, . . . ,4 and k = 1, . . . ,Nm. The resulting identi-
ﬁed parameter values are listed in Table 6.12. Model validation
Numerical results based on the identiﬁed ampliﬁer-shaker-
tensegrity structure model are compared with experimentally ob-
tained eigenvalues in Section 12.1, experimentally obtained FRFs in
Section 12.2, and experimentally obtained frequency-amplitude
plots based on stepped frequency sweep-up and sweep-down
measurements in Section 12.3. Recall that in the experimental
set-up, a small part of the top mass can both rotate and translate,
whereas rotational inertia was not modelled. The justiﬁcation ofTable 6
Identiﬁed parameter values ct of the tensegrity structure.
Parameter Value Unit Parameter Value Unit
loc 25.167 cm n1 0.0638 –
kc 95.8 kN/m2 n30 0.0341 –
kh 112.9 kN/m2 n31 0.0035 kg1
Pc 63.8 N n40 0.0553 –
m1e 40 g n41 0.0045 kg1
m2e 232 g
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tial force of the top mass has dominant inﬂuence on the dynamic
response compared to the (small) rotational inertial moment of
the lower part of the top mass. Moreover, rotational inertia of
the remainder of the (moving part of the) structure dominates
the neglected rotational inertia of the lower part of the top mass.12.1. Eigenvalues
Fig. 16 shows the experimental eigenvalues k^i;kðm3Þ (black
markers) obtained from the multi-DOF modal parameter ﬁt in
the frequency domain and the numerical eigenvalues ki;kðct ;m3Þ
(gray markers) computed with linearized dynamic models of the
identiﬁed ampliﬁer-shaker-tensegrity structure. The (real) eigen-
value corresponding to the eigenmode dominated by the electric
part of the shaker is not shown and the damped eigenfrequencies
are expressed in Hz by fi = Im (ki)/2p = mi/2p.
The following observations hold for the experimental as well as
the numerical eigenvalues. The ﬁrst eigenfrequency near
f1 	 7.0 Hz, corresponding to an eigenmode dominated by rotation
around the ~e0z axis, slightly decreases for increasing top masses,
whereas the second eigenfrequency near f2 	 14.0 Hz (related to
the shaker resonance) is barely inﬂuenced by changes in the top
mass. The third eigenfrequency f3, corresponding to the eigen-
mode, in which buckling of beams AiBi is dominant, increases from
31.5 Hz for m3= 1.442 kg to 47.7 Hz for m3= 6.507 kg. Finally, the
fourth eigenfrequency f4 has a minimum atm3 	 4.0 kg. The obser-
vations for f1, f2, and f4 match with the modal analysis results of the
tensegrity structure when the shaker is excluded, see Fig. 5 in
Section 7.
The imaginary parts mi,k of the numerical and experimental
eigenvalues correspond very well. The real parts li,k of the numer-Fig. 16. Experimental eigenvalues (black markers) and the numerical eigenvalues
of the tensegrity structure.ical and experimental eigenvalues are in reasonable good agree-
ment. It can be concluded that the linearized ampliﬁer-shaker-
tensegrity structure model can be used to predict the location of
the eigenvalues of the system for top masses in the range of
1.4426m3 6 6.507 kg.
12.2. Frequency response functions
Fig. 17 shows Bode plots and coherence functions of the mea-
sured FRFs bHDh;DV0 and bHDhz ;DV0 for the frequency interval
2.5 6 f 6 120 Hz and a top mass of m3 = 2.994 kg. In this ﬁgure,
black lines indicate measured FRF, whereas gray lines show the
FRFs of the linearized identiﬁed ampliﬁer-shaker-tensegrity struc-
ture model.
Five resonance peaks can be distinguished in the Bode plots of
the measured FRFs. The heavily damped resonance peak at
f2 	 13.7 Hz corresponds to the eigenmode dominated by shaker
resonance and the small resonance peak at f5 	 102.0 Hz is due
to the ﬁnite stiffness of the shaker support structure. The latter is
concluded based on the measured FRFs of the bare shaker. The
remaining resonance peaks near f1 = 7.0 Hz, f3 = 35.7 Hz, and
f4 = 86.4 Hz correspond to eigenmodes dominated by the tenseg-
rity structure. It is stressed that the resonance peaks of the tenseg-
rity structure can clearly be distinguished in all Bode plots for the
eleven top masses. In general, the behavior of the coherence func-
tion is similar for all FRFs. Coherence values drop in frequencies
intervals with anti-resonances. From Fig. 17, two conclusions can
be drawn:

 The measured FRFs are approximated (reasonably) well in the
frequency interval 2.5 6 f 6 80 Hz by their numerical
counterparts.

 For the frequency interval 80 6 f 6 120 Hz, differences in the
modulus and the phase between the experimental and numer-
ical FRFs are observed mainly due to the small resonance in the
experimental FRFs near 102 Hz, which obviously cannot be pre-
dicted by the current model.
Overall, it can be concluded that the FRFs of the ampliﬁer-sha-
ker-tensegrity structure model show a satisfactory correspondence
with the experimental FRFs for all top masses.
12.3. Nonlinear steady-state responses
The nonlinear steady-state responses of the system, experimen-
tally generated with stepped frequency sweeps with a harmonic
input voltage according to Eq. (47), are used to determine the
experimental frequency-amplitude plots. During each experiment,
a frequency sweep-down is carried out (by stepwise decreasing the
excitation frequency with Df = 0.1 Hz), which is followed by a fre-
quency sweep-up (by stepwise increasing the excitation frequency
with Df = 0.1 Hz). The nonlinear dynamic steady-state responses
near the ﬁrst and third harmonic resonance frequencies of the sys-
tem are studied by using two top masses, i.e. m3 = 1.442 kg and
m3 = 2.994 kg.
For the frequency range 5 6 f 6 18 Hz, the experimentally ob-
tained frequency-amplitude plots of ~h and ~hz (black and gray dots)
for m3 = 1.442 kg and vd = 0.055 V are presented in Fig. 18 together
with the numerically obtained frequency-amplitude plots (solid
and dashed black lines) based on the identiﬁed ampliﬁer-shaker-
tensegrity structuremodel. The ﬁrst harmonic resonance peak, pre-
dicted by the model and related to the ﬁrst eigenfrequency near
f = 7.0 Hz, corresponds well to the measured ﬁrst harmonic reso-
nancepeak. In Fig. 18, the softening1/2 subharmonic resonancenear
14 Hz is a combination resonance due to 2f1 	 f2 	 14 Hz. In the
model, it occurs in a somewhat smaller frequency range than in
Fig. 17. Bode plot and coherence function of HDhDV0 (upper plots) and HDhzDV0 (lower plots).
Fig. 18. Experimental and numerical frequency-amplitude plots for m3 = 1.442 kg and vd = 0.055 V.
Fig. 19. Experimental and numerical frequency-amplitude plots for m3 = 2.994 kg and vd = 0.0325 V.
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esis is much clearer than in the simulation. Indeed, in the frequency
sweep-up, a sudden increase in the amplitude is visible at 14.2 Hz,
whereas a sudden decrease in amplitude occurs at 13.5 Hz. In the sim-
ulations, the two CF bifurcations, which are responsible for the sudden
jumps, are much closer to each other. Note that very probably the 1/2
subharmonic resonance near f = 2f01 = 14 Hz is absent in Fig. 8 due to
the absence of shaker dynamics there. Summarizing, in Fig. 18, despite
some quantitative differences, the global nonlinear steady-state
dynamics in the experiment are qualitatively comparable to the
numerical responses.
Fig. 19 shows the experimentally and numerically obtained fre-
quency-amplitude plots of ~h and ~hz for a top mass of m3 = 2.994 kgand a voltage amplitude of vd = 0.0325 V. Near f = 33 Hz, a
harmonic resonance peak is found, which is related to the third
eigenfrequency at f03 = 35.7 Hz (recall that the corresponding
eigenmode is dominated by buckling of beams AiBi). The experi-
mental peak-to-peak values of ~hz are overestimated by the model
near the resonance peak near 33 Hz and underestimated near the
anti-resonance between near 27 Hz. The main reason for this is
asymmetrical buckling behavior of beams AiBi in the experiment
due to the different geometrical shape imperfections. Globally,
for ~hz, the experimental solution branch near the resonance peak
related to the third eigenfrequency is in good agreement with
the numerical solution branch. For ~h, the numerical and experi-
mental obtained solution branches are in good agreement.
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In this paper, the numerical and experimental linear and nonlinear
steady-state dynamics of a base excited 3D tensegrity structure carry-
inga topmass (anda topmass supporting structure)are examined. The
equations of motion are derived by using Lagrange’s equation of mo-
tionwith constraints. In thismodel, the compressivemembers (beams
Ai Bi) of the tensegrity module are allowed to buckle and the tendons
are modeled by piecewise linear springs, which can only take tensile
forces. Topmass, pretension in the tendons, andgeometrical andmate-
rial properties of the tensegrity structure are chosen in such away that
the system is close to the static stability boundary. The effect of addi-
tionalharmonicbaseexcitation is investigated inorder tostudy thedy-
namic stability of the structure.
Static responses show that static buckling of beams AiBi be-
comes more dominant for relatively large vertical compressive
loads, whereas slackening of the horizontal tendons is encountered
for a certain vertical tensile load. For larger loads, the static re-
sponses are characterized by geometric nonlinearities (large
changes in the geometrical equilibrium conﬁguration occur), espe-
cially with respect to the rotation around the vertical axis.
The undamped eigenfrequencies and corresponding eigen-
modes are studied by linearizing the equations of motion around
stable static equilibrium points for a range of top masses and by
solving the corresponding eigenvalue problems for the undamped
system. In addition, for a speciﬁc top mass, a linearized model is
used to examine the linear dynamic responses of the system by
evaluating three FRFs of the system.
Nonlinear steady-state responses of the tensegrity structure are
investigated by prescribing periodic base excitation with a constant
acceleration amplitude high enough to introduce nonlinear dynamic
phenomena. Frequency-amplitude plots are obtained by solving two-
point boundary value problems in combination with a continuation
method for periodic solutions. Multiple types of nonlinear dynamic
resonances are encountered such as harmonic resonance peaks
(mostly characterized by softening effects), superharmonic resonance
peaks, and subharmonic/parametric resonance peaks. In addition to
these periodic responses, Poincaré maps suggest that quasi-periodic
andchaotic solutionsarealsoencounterednear someresonancepeaks.
Finally, two parameter continuation diagrams of the loci of cyclic fold
andperioddoublingbifurcationsofperiodic responsesarepresented to
assess upper bounds for the harmonic excitation amplitude in order to
prevent dynamic instability of the tensegrity structure.
A tensegrity structure has been designed and manufactured and
an experimental set-up has been realized in order to validate the
dynamic model of the tensegrity structure. The design of the
tensegrity structure incorporates a predeﬁned (static and dynamic)
buckling direction of the compressive members of the tensegrity
module and it ensures that the members are (dominantly) loaded
in the axial direction.
To be able to compare the experimentally obtained responses to
their numerical counterparts, an ampliﬁer-shaker-tensegrity struc-
ture model is derived because the dynamics of the ampliﬁer and
shaker, used to excite the base of the tensegrity structure in the
experimental set-up, interact with the dynamics of the tensegrity
structure with top mass.
Numerical FRFs, computedwith a linearized dynamical model of
the ampliﬁer-shaker-tensegrity structure, are in good correspon-
dencewith experimentally obtained FRFs. In addition, linearizeddy-
namicmodels are used to compute the numerical eigenvalues of the
system for several topmasses. These eigenvalues are in good agree-
mentwith the experimental eigenvalues,which are determinedby a
multi-DOF modal parameter ﬁt in the frequency domain using
measured FRFs. Finally, frequency-amplitude plots based on the
nonlinear dynamic ampliﬁer-shaker-tensegrity structure modelare compared with experimental frequency-amplitude plots ob-
tained by stepped frequency sweep experiments. Globally, themea-
surednonlinear dynamic steady-state responses canbepredictedby
the model.
It can be concluded that for a tensegrity structure near the static
stability boundary, linear and nonlinear dynamic steady-state re-
sponses, caused by additional periodic loads, can be predicted by
the model developed in this study. Therefore, this model structure
may be used as a starting point to efﬁciently examine the static and
dynamic stability of other tensegrity structures.
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